Highly pathogenic avian influenza subtype H5N1 is a zoonotic disease and control of the disease is one of the highest priority in global health. Disease surveillance systems are valuable data sources for various researches and management projects, but the data quality has not been paid much attention in previous studies. Based on data from two commonly used databases (Office International des Epizooties (OIE) and Food and Agriculture Organization of the United Nations (FAO)) of global HPAI H5N1 outbreaks during the period of 2003-2009, we examined and compared their patterns of temporal, spatial and spatiotemporal distributions for the first time. OIE and FAO data showed similar trends in temporal and spatial distributions if they were considered separately. However, more advanced approaches detected a significant difference in joint spatio-temporal distribution. Because of incompleteness for both OIE and FAO data, an integrated dataset would provide a more complete picture of global HPAI H5N1 outbreaks. We also displayed a mismatching profile of global HPAI H5N1 outbreaks and found that the degree of mismatching was related to the epidemic severity. The ideas and approaches used here to assess spatiotemporal data on the same disease from different sources are useful for other similar studies.
Introduction
Avian influenza virus (AIV) is one type of Orthomyxovirus with a genome of eight single-stranded, negative sense RNA segments encoding 11 proteins (PB2, PB1, PB1-F2, PA, HA, NP, NA, M1, M2, NS1, and NS2), which can be classified into different subtypes according to envelope proteins of HA and NA [1] [2] . AIV that infects domestic poultry can be roughly divided into two groups based on disease severity, highly pathogenic avian influenza (HPAI) and low pathogenic avian influenza (LPAI) [3] . The flock mortality is as much as 100% for HPAI (mainly H5 and H7 subtypes). There has been a great threat of potential influenza pandemic from HPAI H5N1 since late 2003 [4] , which has posed major challenges to both human health and poultry industry [5] and is considered as one of the highest priority diseases in the last decade.
As a transboundary animal disease (TAD), HPAI H5N1 has a potential capability of serious and rapid spreading triggered by bird migration [6] [7] [8] and international poultry trades [9] , but irrespective of national boundaries. This gives high prominence to global disease surveillance systems and international collaborations for fighting TADs. Several international organizations have devoted to collect and track global HPAI H5N1 outbreaks, including the Food and Agriculture Organization of the United Nations (FAO), Office International des Epizooties (OIE), World Health Organization (WHO), and the European Union (EU) [10] [11] . These global surveillance systems provide valuable data sources for HPAI H5N1 researches [12] [13] [14] . Two most frequently used global HPAI H5N1 databases are FAO EMPRES-i and OIE WAHID. For example, Gilbert et al. used [17] and found some differences between two databases, but provided no extensive discussion. Different data sources may result in different and sometimes conflicting results in the area. Data quality becomes a concern, but has not been previously assessed.
This study used OIE and FAO databases to examine their temporal, spatial and spatio-temporal patterns of global HPAI H5N1 outbreaks. Through detailed comparisons on the two databases, we provided some useful ideas and approaches for comparing spatio-temporal data on the same disease from different sources. 
Materials and Methods

Data collection
Data matching and integration
An H5N1 outbreak was defined as a confirmed presence of the disease, clinically expressed or not, in at least one individual in a defined administrative unit in one day [20] . During the data processing, we first merged multiple outbreak records for the same day and the same subdistrict and considered them as one outbreak for both OIE and FAO data. The coordinates for the subdistrict's centorid were used to represent the merged outbreak. The matching of two databases was performed based on temporal and spatial attributes of an outbreak, which were indicated by observation/outbreak date and five administrative units of country, province, district, subdistrict and precise location. Subdistrict was the smallest matching unit in this study. The matching results were indicated by two new variables in the FAO dataset. One variable recorded the key variable of matched outbreak from OIE data and another variable of three categories described the matching degree: ''C'' -complete match for both space and time attributes; ''A'' -complete match of space attribute and time difference #7 days; ''N'' -spatial attributes not matched or temporal difference .7 days or both. This process was completed manually and the matching results were thrice checked. Finally, OIE and FAO data were merged into an integrated OIE-FAO database for global HPAI H5N1 outbreaks, which includes four subsets of completely matched, almost matched, and unmatched HPAI H5N1 outbreaks from OIE and FAO, respectively.
Statistical analysis
Descriptive statistics were first used to summarize the matching results for the OIE and FAO datasets. Then day-based time-series plots were generated for visual comparison on temporal patterns of global HPAI H5N1 outbreaks. To measure temporal (dis)similarity quantitatively, HPAI H5N1 outbreaks were aggregated into weekly counts and analyzed using Wilcoxon signed rank test for two dependent samples and Spearman rank correlation analysis, respectively. For mapping spatial distribution of global HPAI H5N1 outbreaks, the centroids of subdistrict-based units were used. To quantitatively assess their differences across space, the outbreaks were aggregated into counts based on province and then Wilcoxon signed rank test for two dependent samples and Spearman rank correlation analysis were applied to determine their spatial (dis)similarity. To explore it further, smoothing maps for matched and unmatched outbreaks were generated for comparing their differences. The number of unmatched outbreaks from FAO data divided by the number of all OIE outbreaks was calculated to represent the mismatching conditions in each country and pie charts with each year's mismatching data as pie components were generated and overlaid over the country to show global mismatching situations.
Finally, two spatio-temporal analysis approaches were used to evaluate the agreement between spatio-temporal patterns generated from OIE and FAO data: spatio-temporal K function (stK) and spatial-temporal multi-response permutation procedure (stMRPP). stK was a generalization of Ripley's two-dimensional K function [21] and defined as
Where, l is the theoretical intensity of the spatio-temporal process that is the expected number of points per unit volume and #d(x,r) is the number of observed points, excluding x itself, which fall within a distance r of x in three-dimensional space. The threedimensional version of Ripley's isotropic edge correction was applied to correct boundary effects [21] [22] .
D st statistics, following the ideas of two-dimensional cases [16, 23] , was used based on stK, to examine the dissimilarity in the spatio-temporal patterns: Figure 2 . Spatial distribution of global HPAI H5N1 outbreaks. A high degree of agreement on spatial pattern is obvious between OIE and FAO from a qualitative perspective. However, some minor differences can also be seen such as the middle part of the maps highlighted in arrows. 
Results
Data summaries
Time-series plots of global HPAI H5N1 outbreaks
OIE and FAO data showed similar temporal trends for HPAI H5N1 outbreaks in general, but there were some discrepancies. (Figure 1) . However, Wilcoxon signed rank test did not detect a significant difference between OIE and FAO data (V = 16366, p = 0.52). Spearman rank correlation analysis showed a medium degree of correlation (r = 0.73, p,0.0001). Figure 2 depicts the spatial distribution of global HPAI H5N1 outbreaks from OIE and FAO. From a qualitative perspective, there is a medium degree of agreement in spatial patterns between the two datasets, which was confirmed by Spearman rank correlation analysis (r = 0.79, p,0.0001). But minor differences still existed such as the middle part of the map although no significant differences were found by Wilcoxon signed rank test (V = 11474.5, p = 0.14). Figure 3 shows that unmatched outbreaks from OIE and FAO appeared to have a similar spatial distribution compared with matched outbreaks and the more reported cases in a region, the more unmatched outbreaks. 
Spatial distribution of global HPAI H5N1 outbreaks
Spatio-temporal consistency test
The results of stK show that OIE and FAO data were significantly different for their spatio-temporal distributions. When the observed scale is #4e+06 m, FAO data seemed to be more clustered than OIE data, but it reversed when the observed scales .4e+06 m ( Figure 5 ). And stMRPP also identified distinguished differences on their spatio-temporal distribution (stMRPP = 2.05, p,0.01).
Discussion
HPAI H5N1 is a zoonotic disease with serious impacts on poultry industry, wildlife, economics, and public health [26] . To control the disease, global disease surveillance systems play an important role [10] [11] . Many published studies of HPAI H5N1 have used different data sources and have assumed that these data are valid and reliable. Data assessment is always an important first step if the data from disease surveillance systems are used for inference-based analysis [12] [13] [27] [28] , but no studies of data evaluation have previously been conducted in the area of HPAI H5N1 research. There is a need for an improvement of the data completeness (personal communications with Drs. Julio Pinto and Daniel Beltran-Alcrudo from the FAO global early warning system). In this study, we conducted detailed spatio-temporal data comparisons on two commonly used datasets of OIE and FAO.
The comparison results show that there were obvious differences between OIE and FAO data and prompt that an integrated dataset of OIE and FAO may provide improved When we consider the temporal and spatial patterns of global HPAI H5N1 outbreaks separately, data from OIE and FAO tended to have a similar pattern and medium concordance although some minor discrepancies existed. We also used two more advanced approaches to compare spatio-temporal patterns of global H5N1 outbreaks between OIE and FAO. stMRPP is a nonparametric approach that does not depend on arbitrarily assigned origins and not require any estimation or modeling of spatial correlation compared to traditional multiple response permutation procedures (MRPP). It has a higher statistical power through simulation studies [24] ; stK is a parametric method, which can provide a comprehensive profile through analyzing the data across different scales. Both approaches led to the same conclusion that OIE and FAO data provided significantly different spatiotemporal distributions of global H5N1 outbreaks.
OIE and FAO are independent international organizations, and their collaborator/partner networks and information sources are not the same. Hence it is very possible that they may capture some complementary data on HPAI H5N1 outbreaks. Combining these two datasets would provide an improved database with more complete spatio-temporal outbreak information.
Clearly, underreporting of global HPAI H5N1 outbreaks is inevitable, and H5N1, as is the case with other animal disease, is commonly underreported across all types of production systems, particularly in the commercial poultry sectors in many countries [25, 27, 29] . Several reasons may result in this underreporting: 1) Active surveillance of H5N1 in countries where the disease is endemic is always low or absent, which makes the national surveillance systems do not have enough capacity to capture the whole profile of HPAI H5N1 outbreaks [25] ; 2) Unwillingness to report H5N1 outbreaks due to reasons such as political pretexts [30] ; 3) HPAI H5N1 is not a disease with high priority in some regions, so awareness of the need and importance to report outbreaks is lacking [31] ; and 4) Stakeholders do not like to report H5N1 outbreaks because of inadequate compensation for culled animals if reported [32] . It is difficult to measure the accurate underreporting situation becaue of lacking gold standard, but the mismatching case may reflect the underreporting situation to an extent. Underreporting may lead to the difficulty of obtaining data, while different organizations have different ability to handle this issue, which can result in their data difference-mismatching. We demonstrated the mismatching profile of global HPAI H5N1 outbreaks over time that seemed to be related to the severity of epidemic situation. Several countries (e.g., Hungary, Israel and Turkey) had relatively high mistaching cases in 2006 because no outbreaks were reported in the other years. Since it is not possible to have a 100% complete dataset of global HPAI H5N1 outbreaks, we need to develop some methods to alleviate the potential impacts of underreporting for accurate analysis. In summary, we conducted spatio-temporal comparisons between two commonly used datasets of global HPAI H5N1 outbreaks (OIE and FAO) from temporal, spatial and spatiotemporal point of views for the first time. Two datasets showed similar spatial and temporal distributions of outbreaks when they were considered separately, but more advanced methods detected a significant difference in the joint spatio-temporal distribution. Because of incompleteness for both OIE and FAO datasets, an integration of them would provide a more complete picture of global HPAI H5N1 outbreaks. The ideas and approaches for spatio-temporal data comparisons can be used in other similar studies. Future work will involve using the integrated dataset to explore long-term effects of control strategies on global HPAI H5N1 outbreaks, identify long-term variations in disease patterns and dynamics, detect potential mechanisms of driving its spread, conduct multi-scale analysis on various risk factors, and evaluate potential impacts of climate change, among others.
